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NATIONAL ADVISCRY COHMITTEE FOR- AZRONAUTICS
TECHNICAL NOTE NO. 364

TESTS IN THE VARTABLE DENSITY WIND TUNNEL
TO INVESTIGATE THE EFFECTS OF SCALE AND TURBULENCE
ON AIRFOIL CHARACTERISTICS
By John Stack

Summary

The effects of scale and turbulence on the 1ift and draog
of five girfoils, the N.A.C.A. 0006, the N.A.C.A. 0031, the
Clark ¥, the U.S.A. 35-A, and the U.S.N. P:S.6, have been in-

-vestigated'in the Varioble Density Wind Tunnel of the National

Advisory Cormittee for Aeronautice. Tests were made over a
wide scole ronge for only two different conditions of turbu~
lence.

Beczuse of the linmited scope of the tests, no general
conclusions have been drawn, but it is indicated that in-
creasing either turbulence or scale eliminates the discon-
tinuities in the 1ift curves for thick airfoils, and that the
effects of incréased turbulence on the profile drag of air-
foils tend to become of small importance at very high Reynolds
Numbers. It is further indicated that the effects of large
scale changes on the aerodynamlc characterigtics of airfoils
are of greater 1mportance than the effects of large turbulence

changes.



2 N.A.C.A. Technical Note No. 364
Introduction

The inception of extensive wind tunnel testing of airfoils
was marked by the early discovery of serious discrepancies in
the results from different tunnels. Tests on geometrically sim—
ilar airfoils will, even now, give different results when the
tests are made in different wind tunnels. The magnitude of the
discrepancies is offten so greaf that the minimum drag values
for one girfoil tested in two different wind tunnels differ more
than the corresponding values  for two different airfoils tested
in the same wind tunnel.

Generally speaking, the causes for discrepancies fall under
three major classifications. .These are: first, technique and
care employed in conducting the tests; second, Reynolds Number
cr scale differences between different tests; and third, dif-
ferences in the turbulence of the air streams of different wind
tunnels. At the present time, however, because of improvements
in technique, the first of these three has been largely elimi-
nated. Further, the effects of scale can now be estimated from
dats obtained in the Variable Density Wind Tunnel. The remalining
cause for discrepancy, variations in wind tunncl turbulence, has
not been.extensively investigated, particularly in relation to
airfoil characteristics, so that no reliable estimate of its

effect can be made.

»
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Investigation of the_eﬁfeepe of turbulence on airfoil char-

acteristics was not actively pursued in the past, because it was

believed that these effects were small. However, .as investige~

tlons on airship forms have progressed.it has become evident that
airfoils, too, may show marked turbulence effects. In fact, a
comparison of test results from different wind tunnels has indi-

cated the existence of important differences that may be attri-

buted toidiffereqces in turbulence.

Some differences in the results of tests made in the origi-
nal and in the nresent form of the Variable Density Wlnd Tunnel_
which may be attributed to turbulence, have appeg;ed; and the
present investigation was undertaken to provide,infp;mation that
would help £o explain these differences.. It'wasifurther belleved
that the information would assist in the interpretation of the
results of tests made under approximately similar conditions in
different wind tunnels.

The tests were made in the Variable Density Wind Tunnel
of the National Advieor&,Qommittee for Aeroﬁautips in conjunc~
?ion with preparations for_apmextensive and systematic series
of airfoil teets. Lift and drag measurements were made on
several airfoils over a large range of Reynolds Numbers for two
conditions of turbulence. Five,girfoils, the N.A.C.A. 0006,
the N.A.C.A. OOBl?“ﬁhe Clark Y, the U.S.A. 35-4, and the U.S.N.
P.S,S, We;eJingiuded in the inveg%igation. The U.S.A. 35-A |
airfoil Was-ohoseﬂ as an example of alrfoils that have shown

unfavorable scale effects on maximum 1ift. The gselection of
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the U.S.N. P.8.8 airfoil was made for a similar reason, and, 1in
. addition, it was chosen as an example of airfoils that low scale
tests have shown to have a sudden break in the 1ift curve at
maximum 1ift. The Clark Y was chosen as an example of airfoils
that have shown favorable scale eifects on meximum lift; The
N.A.C.A. 0006 airfoil (a symmetrical airfoil, 6 per cent thick)

was chosen for two reasons; first, 1t shows normally no scale

effect on maximum 1ift, and second, its symmetry and emall thick—

ness connote small pressure drag and small pressure gradients.
Accordingly, it is permissible to coapare its minirum profile
drag values with the drag values for a flat plate placed paral—
lel to the air flow. The N.A.C.A. 0031 airfoil (a symmetrical
airfoil, 31 per cent thick) was chosen as an exampl€ of a thick

symmetrical section,.
Apparatus and Method

A detailed description of the Variable Density Wind Tunnel,
in ﬁhich these tegts were performed, is given in Reference 1.
The description there given is, however, of the original tunnel.
In its present form this equipment differs from the original in
several respects. The changes in the tunnel may best be noted
by comparihg the diaggrammatic cross section given in this report
(Fig. 1) with the corresponding figure of Reference 1.

The models were of 5~inch chord and 30-inch span and were

constructed of duralumin. The surfaces of all models except the

]

i
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U.S.N. P,S.G_Wé¥¢ polished. All models. Were mounted pn_rigi@
supports pfojecting from the balange.cradle th;ough-the bottom
of the %unnéi; In order to minimige uhe effects, due %o BUPPOT T
drag, the struts were partially oove;gg with fairings secured to
the tunnél. The effects of the supports were determined, as
usual, by measu:ing the air forces on theist;uts with a model
mounted.infthé normal position at zera degress.angle of attack --

but indepeudent of the balance, i

. Artificial turbulence was intrcduced by means of a coarse

screen, 58 inches in.dlameter, placed 17 inches shead of .the

model. The screen comnsisted of round-edge steel:strips,'S/lﬁ
inch wide and 1/16 inch thick. The stTips werg laid at Tight
angles, l~l/2 inches on uenters, and were woven 80 as to pro-
duce a square mesh 1att10e having l~3/16 -inch openings. To.
check the efflcacy of the screen as a producer of turbulence,
the critical Reynolds Humbers with and without the screen
1nstalled were determined with g 20-cm sphere.

Tests were made on. each alrf01l for two conditions of
turbulence and (except for the tests on the U.S.N. P.S.6 alr-
foil) were extended over the range of the Reynolds Number
included between that obtalned in the usual Atmospheric Wind
Tunnel and 3, 400 OOO. Data for complete 1ift curves Were ob-—
tained fo:.the Clark Y and the N.A.C.A. 0031 airfoils and data
for complete drag curves for the Clark Y were obtained simul-

taneously With the 1ift measurements. Only the minimum drags
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of the N.A.C.A. 0031 were measured. The measurements on the .
U.S.N. P.S.68 were limited to oomﬁleté lift—-curve deterﬁinations
for three values of the Reynolds Humber., On the N.A.0.4. 0006
airfoll, tests to determine only the maximum lifté and the

minimun drags were madé; and on the U.S.A. 35-A alrfoll, mcas-
urements'of"t?e maximun 1ifts only were made,

Over nost of fhevscale range covered corresponding-Reynolds
Numbérs could be chosen for the tests made with and without the
screen installed. The screen materially lowered the velocity of
the tunnel air stream, but the effect of the lowered veloclty wWas
counteracted by an increase iﬁ fhe"air density. It was impossible,
however, to obtain values of tﬁe Reynolds Number as high as
3,400,000 when the screen was installed, because the increased
density required to offset the lowered velocity would neces-
sitate increasing the air pressure beyond the safe limit for the
tank which encloses the tunnel. |

The dfnamio pfeésu;e ﬁas_determigbd by means of a miéro—
manometer connected to calib:étéd static pressurc orifices. The
orifice calibration factor Was deterained by oémparing the re-—
sults of é.d§£§mio pressure survey at the test section, made
without tpe screen installed,lwith the readings of the manometer
connected.tp the static pressuré orifices. As the screen vas
uniform in consﬁ;uctibn énd extended domplétely over the throat,
it was aésumed that the ajﬁaﬁié.pressure distribution and thé

static pressure orifice calibration would be unaffected by the
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screen; and, therefore, the calibration factor determined without

the screen installeq was used for all tests. To check this as-
sunption the dyﬁamic pressure wWas neasured by a manometer con—
nected to a Pitot tube mounted at the test section 14 inches
above the ﬁodel After o correotion fo; the effect of the model
on the Pltot tube had becen applied, it was found that the differ—
ence between the dynamlc pressures as ﬂeaSurea by the tWwo nethods
did not exceed 4 per cent of the value neasured by the static
plates. The dynamlc pressure may, therefore, be as ruch as 4

per cent in error.
Results..

The resﬁlfs of_tﬂe tests are ﬁresented as plofe in.Fiéures
3 to 13c, inciusive. Figure 3 showslfhe results of the sphere
tests and is included to indicate the amount of turbulence pres—
ent for the various test conditions.

The 1ift aata are presented ‘in Figures 3 to 9e inclusive.
Figures 5 to 6, inclusive, are plots of the maximum 11Tt coef-
ficient against Reynolds Number for the N.A.C.A. 0008, the Clark
Y, the N. A C.A. 0021, and tne U.S. A. 35-& a;rf01ls, and show
both scale and turbulence effects on maximua 1ift. Figures 7a
to 9e, inclusive, present complete 1ift curves, corrected for
tunnel wall effects for three of the airfoils, the Clark Y,
the N.A.C.A. 0021, and the U.S.N. P.S.6.
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The drag data are presented in Figures 10 to 12c, inclusive.
Figures 10 and 11 are plots of the minirmum profile drag against
Reynolds Number for the two symmebrical sections. The results
of previous researches on the skin friction of flat plates,
taken from References 3 and 5, have also been plgtted in Figuﬁes
10 and 11. Complete profile drag date for the Clark Y are pre-
sented in Figures 18a to ¢ so that the effects of scale and
turbulence, not only on minimum profile drag but also on the

shapes of the profile drag curves, could be studied.
Discussion

Turbulence, unlike scale, is not readily defined in terns
of physical quantities. It may be defined, however, by 1ts
effect on the characteristics of certain bo@ies. The sphere
has been used in this investigation. Discussions of this method
of defining turbulence are given in References 2 and 3. It will
be noted that the critical Reynolds Number for the sphere is in
the scale range corresponding to the low scale airfoil tests.
Accordingly, the sphere tests may not give a true indication of
the turbulence for the high scale tests because of differences
However, it is certain that the structure of the screen was of
such, 'a nature as to increase the air stream turbulence at all

values of the Reynolds Number.

o
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‘Scale and turbulence effects on 1lift.- The value of maxirmum

1ift is generally affected by . changes in the dynanmic scale or
Reynolds Kumber. The W.A.C.A. 0008 airfoil showWs a neutral_écale
effect (Fig.-3) and the N.A.C.A. 0031 airfoil .shows g favofable
scale effesct (Figure 5). The Olark Y, a ﬁedium thick cambered
airfoil, zlso shows a favorable scale effect on maximum 1ift;

but the thick cambered airfoils, the U.S.A. 35-A and the U.S.N.
P.8.6, show distinctly unfavorable scalc effects. Apparently,
the nature of the scale effect is, not governed by any simple law
and seens to bear no definite siuple relation to the physical
characteristics of the airfoiils.

Some of the thick airfoils show further marked scalé effects.
At low® Reynolds Numbers the 1ift nay fall off.abruptly after the
maximum is reached. As the Reynolds Nuiber is ;ncreased, ho v
ever, these ‘discontinuities disappear and the 1ift curves re-
gsemble in form the more familiar ones common to medium thick and
thin airfoils (Figs. 8a and 9e).

The effect of inéreased turbulence on the shape of the 1ift
curve in the neighborhood ef -maximun 1ift is‘siqilar to the
effect of increased scale (Figs. 8a and @e). There are included
in. Figures 9a to e the results of previous tests, because they
perrnit a comperison for.three degrees of turbulence. These tests
were condpcted in the Variable Density Wind Tunnel operated as an
open—throat type (Reference 4). It will be noted that the curves

for low scale data from the open—throat tunnel show a sudden drop
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in 1ift to a value approxinately half the maximum. The data
from the closed-throat tunnel, which has a more turbulent air
stream thon the open throat, show the .sudden drop in-1ift, but
the diffcrence betwWween the high and lew values ig smaller than
that shown by the open-throat tunnel. The discontinuity dis-
appears anltogether when the turbulence of the alr stream is
increased by the addition of the screen.

The effects of turbulence on the value of maxiwum 11ift are
as complicated as the effects of scale. Over the scale range
covered the added turbulence decreases the maximum 1ift of the
N.A.C.A. 0006 and U.S.A. 35-A airfoils. The effect of turbu-
lence on the maximum 1ift of the Clark Y and N.A.C.A. 0021 air-
foils, however, is dependent upon the scale or Reynolds Number
of thg tests. At very low values of the Reynolds Number turbu-
lence has an unfavorable effect on the maximum 1lift of these
two airfoils, but at high values of the Reynolds Number the
turbulence effect is markedly ﬁavorab;e. .

Variations in turbulence also change the scale effect on
maximum 11ft. As pointed out, the effect on the maximum 1ift
of certain airfoils is dependent on ﬁhe Reynolds Number. fhe_m
results for the N.A.C,A. 0021 airfoil show an increased slope
of the curve of maximum 1ift coefficient plotted against
Reynolds Number (Fig. 5) with increased turbulence, whereas
the results for the Clark Y alrfoil, 1like the results for the
N.A.C.A. 0021, show a slope difference but reseamble closely the
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turbulence effects on the sphere. The curve of maximum 1ift
coefficient against Reynolds Number (Fig. 4) apparently moves

to the left as the turbulence is increased. In other words,

the rgpid change in maximum 1ift coefficient occurs at lower
values of the Reynolds Number. The effect of increased scale

on the maximum 1ift of airfoils that show unfavorable scale
effects (the U.S.N. P.S.8 and the U.S.A. 35-A) or neutral scale
effects (the N.A.C.A. 0008) When the turbulence is small becomes
unimportant when the turbulence is increased.

Scale and turbulence effects on profile drag.- The effects

of scale and ﬁurbulence on the drag of bodies are particularly
complicated because of the various types of forces which to-
gether make up the total drag. It is of interest to compare the
drag of the symmetrical airfoils with that of a flat plate. The
air force on a flat plate, when it is placed parallel to the
relative air flow, is wholly skin friction. The effects of both
scale and turbulence on the drag of flat plates have been
investigated.

.Curves, reprcsenting the results of these investigations
(Reference 5), are presented, together with the results of the
present investigation on airfoils, in Figures 10 and 11. I%
will be noted from the figures that the drag of the flat plate
is dependent not only on the dynamic scals or Reynolds Number,
but also on the condition of flow in the boundary layer. If

the flow. in the boundary layer is wholly laminar, the measured
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drags will fall along the lower line and if wholly turbulent
the measured drags will fall along the upper line., If the
flow in the bounda;y'layer is, however, partly laminar and -
partly turbulent, the measured drags will fall somewhere
between the upper and lower lines and glong a curve similar
to the transition curve shown. It must also be remembered
that the Reynolds Number at which the transition from laminar
to turbulent flow begins is dependent on the initial turbu~
lence of the alr stream.

The drag data for the N.A.C.A. 0008 airfoil (Fig. 10)
agree closely with the corresponding flat plate data. The
scale cifsct curve, which was obtained without the screen in
place, resembles the transition curve for the flat plate. The
similarity 1s not very surprising, as this particuler airfoil
physically approximates the flat plate. Because it is L.
symnetrical and very thin, the pressure drag and the pressure
gradients, the quantities which cause the flow to differ from
that about a flat plate, are not of major importance.
Increased turbulence, as would be predicted from the behavior
of the flat plate, causes an increase in the drag coefficient;
and the data taken with the screen installed are very similar ) ..
to the drag data for the flat plate When the boundary layer flow
is turbulent.

The scale effect curves for the N.A.C.A. 0021 airfoil are

similar in form to the corresponding curves for the N.A.C.A.
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0006 airfoil. The actual drag Values are, however, much higher,
a difference which is not surpr131qg in view of the fact that the
pressure drag oonstltutes a 1arge part of the total drag of
thick ailf01ls such as the N.A.C.A. 0021. The efiect of tufbuy
lence at any partlcular value of the Refnolds Number is note-
worthy. Over the scale 1ange covcred increased turbulence T Qs
sults generally in increased drag values. It may be noted, hoW—
ever, that the difference between the results of the tests made
with and without the screen installed tends to become smaller as
the Reynolds Number ls increased.

Scale and turbulence effects oc-prcfile drag ere evident,
not only from the minimum vaglue but also from the shape of the
profile drag curves. ;At low scale the data takeq without the
screen for tdo Cla*k Y airfoil (Flws. 13a to c¢) show a rapid
rise in the dlag eoefflclent with dccrea51ng 11ft coefflclents
at low values of the 1ift coefficient. As the Reynolds Numbe;l
is increased the increase in the drag coefflolent takes plape
at higher values of the 1ift coefficient, but becomes smaller
and eventually disgppears. The ecale or.Reynolds Number has
but 1ittle effect on the shape of the profile drég cLTVCe for
high values of the iift coefficient. Turtulence, on the other
hgnd, does have a marked effect on the shape of thae profile drag
curve at high values of ﬁhe 1ift coefficient. At low Reyeolds
Numbers the rise in the drag coefficient occurs at lower valees

of the 1lift coefficient and is, in general, steeper except necar



the burble point. Aes the Reynolds Number is increased, however,
the results of the tests with the screen resemble closely the
results of the tests without the screen. In general, the drag
results indicate that the added turbulence tends to become of

small importance at very high Reynolds Numbers.
Conclusions

General conclusions can not be foried with certainty from
the results of this investigation, because of its limlted scope.
However, these results support the following generalizations:

1. Increased scale has a favorable effect on the maximum
1if% of thick'symmetrical airfoils and medium thick cambered
alrfoils, an unfavorable effect on the maximum 13ift of thick
cambered alrfoils, and a neutral effect on the maximum 1ift of
thin symumetrical airfoils.

3. Increased turbulence at high values o6f the Reynolds
Number increcases the maximum 1ift of airfoils that show favor—
able scale effects on maximum 1if%.

3. Increasing either the value of the Reynolds Number or
the turbulence of"thelair stream eliminates 1lift curve discon~
tinuities.

4. Within the range of the Reynolds Kumber common to pres—
ent-day eaircraft, the minimum profile drag decreascs with'

increasing Reynolds Number.:
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5. The effects of turbulence on the profile drag of air-
foils tend to become of small imnortance at very high values of
the Reynolde Number.

8. The effects of large increasés in the Reynolds Number on
the aerodynamic characteristics of airfoils are more important
than the effectg of large increases in turbulence.

Langley Memorial Aeronautical Laboratory,

Nationgl Advisory Committee for Aeronautics,
Langley Field, Va., January 33, 1931.
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